cardioprotective by inhibiting crossbridge force development, myocardial Ca 2ϩ sensitivity, and intracellular Ca 2+ transient [1] [2] [3] [4] [5] . Some studies indicate that BDM suppresses primarily crossbridge force development without suppressing intracellular Ca 2ϩ transient in the myocardium [6] [7] [8] . Other reports indicate that BDM suppresses simultaneously or even primarily the Ca 2ϩ influx as well as the Ca 2ϩ store in the sarcoplasmic reticulum (SR) and its release in the myocardium [9] [10] [11] [12] . However, their relative contributions to depressed contractility are still controversial in the mammalian (including human) myocardium [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
We previously studied the mechanoenergetics ( Fig.  1 ) of BDM-treated canine hearts [4] . There, we found intriguingly that the O 2 cost of E max (change in cardiac O 2 consumption for Ca 2ϩ handling per unit change in contractility) was comparable between BDM and Ca 2ϩ ( Fig. 1D ) [4] . This supported essentially other investigators' previous findings that BDM suppresses primarily myocardial total Ca 2ϩ handling in bloodperfused canine hearts [1] . These two studies used the same mechanoenergetic (E max -PVA-VO 2 ) framework ( Fig. 1A-C) that Suga et al. developed [13] [14] [15] . The similar results from the two different groups strongly suggest that BDM suppresses primarily myocardial Ca 2ϩ handling in the beating whole heart [1, 4] . As discussed in our previous paper [4] , the O 2 cost of E max enhanced with Ca 2ϩ should have been greater in the BDM-treated heart than in the control if BDM had depressed primarily the contractile response to total Ca 2ϩ handling rather than total Ca 2ϩ handling per se, Abstract: Whether 2,3-butanedione monoxime (BDM, Յ5 mmol/l) suppresses primarily crossbridge cycling or total Ca 2ϩ handling in the bloodperfused whole heart remains controversial. Although BDM seems to suppress primarily total Ca 2ϩ handling in canine hearts, more evidence is lacking. We therefore analyzed the cardiac mechanoenergetics, namely, E max (contractility), PVA (total mechanical energy), and O 2 consumption of canine BDM-treated hearts by our recently developed integrative method to assess myocardial total Ca 2ϩ handling. This method additionally required the internal Ca 2ϩ recirculation fraction.
We obtained this from the beat constant of the exponential decay component of the postextrasystolic potentiation. Our analysis indicated significant decreases in both internal Ca 2ϩ recirculation fraction and total Ca 2ϩ handling in the BDM-treated heart, but virtually no change in the reactivity of E max to total Ca 2ϩ handling. This result corroborates the view that BDM suppresses primarily total Ca 2ϩ handling rather than crossbridge cycling in the canine blood-perfused heart. [Japanese Journal of Physiology, 50, 543-551, 2000] as exemplified by the hatched, steeper diagonal line in Fig. 1D .
In the present study, we examined whether BDM suppresses primary total Ca 2ϩ handling, but not contractile response to total Ca 2ϩ handling. To this end, we used our recently developed integrative method for analysis of total Ca 2ϩ handling (Fig. 2 ) [16] . This method has already enabled us to assess changes in both total Ca 2ϩ handling and contractile response to it in a beating whole heart under various inotropic interventions [17] [18] [19] [20] [21] . We obtained results to support that BDMՅ5 mmol/l suppresses primarily total Ca 2ϩ handling, but not contractile response to it, in the left ventricle (LV) of the canine blood-perfused whole heart preparation.
MATERIALS AND METHODS
Heart preparation. We used a standard canine excised cross-circulated heart preparation following institutional animal care and experiment guidelines [4, 14] . Briefly, we anesthetized two adult mongrel dogs (11-21 kg) with sodium pentobarbital (30 mg/kg, I.V.) after ketamine hydrochloride (7 mg/kg, I.M.) in each experiment. We excised the heart from a thoracotomized dog under cross circulation with a support dog, without stopping coronary circulation during surgery. The heart was kept at 36°C and left-atrially paced at 135-160 beats/min. A balloon (unstretched volume of 50 ml) was fitted into the LV, filled with water, and connected to our custom-made volumeservo pump (AR-Brown, Osaka, Japan) to control and measure LV volume [14] . A miniature pressure gauge (P-7, Konigsberg, CA, USA) inside the balloon measured LV pressure. These signals were processed on a computer.
Coronary flow was measured in the cross circulation. Coronary arteriovenous O 2 content difference was measured with a custom-made analyzer (PWA-200S, Shoei-Technica, Tokyo) [4] . Cardiac VO 2 was calculated as their product and its LV VO 2 component was calculated by subtracting its right ventricular component from the cardiac VO 2 . Coronary arterial PO 2 , PCO 2 , and pH were repeatedly measured and corrected to normal as needed. We used isovolumic contractions since the E max -PVA-VO 2 relation (Fig. 1 ) has proved to be virtually independent of the mode of contraction [15] .
Experimental protocol.
Control volume run. First, we performed a volume run in control E max in 11 hearts. We produced steady-state isovolumic contractions at several different LV volumes to cover a wide range of PVA in a stable control E max . We obtained a standard VO 2 -PVA relation (solid line in Fig. 1B) .
BDM inotropism run. Next, we performed an inotropism run to obtain the composite VO 2 -PVA relation with BDM (dashed diagonal line in Fig. 1C ) in the 11 hearts. Isovolumic contractions were produced at a preset constant LV volume (24.0Ϯ3.8 ml) while intracoronarily infused BDM decreased E max . Its maximum infusion rate was 0.25Ϯ0.19 mmol/min, corresponding to an intracoronary concentration of 2.6Ϯ 2.1 mmol//l (< 5 mmol//l) as estimated using the coronary flow. BDM volume run. We then performed a BDM volume run by varying LV volume in a depressed E max to obtain another standard VO 2 -PVA relation.
KCl arrest run. We finally obtained basal metabolic VO 2 (Fig. 1B) under KCl arrest (1-2 ml/min of 0.3 mmol/l).
Mechanoenergetics. We used LV E max , PVA, and VO 2 data in the control and BDM runs [4, 14, 15] . E max is the end-systolic maximum elastance, or pressure-volume (P-V) ratio, as a reasonable load-independent index of ventricular contractility in the canine LV [4, [13] [14] [15] . We first determined LV end-systolic unstressed volume (V 0 ) as the volume at which peak isovolumic pressure was zero. We then determined E max as the slope of the line connecting V 0 and the end-systolic P-V point at the left upper shoulder of each P-V trajectory (Fig. 1A) as usual.
PVA is the systolic P-V area as a measure of the total mechanical energy in each contraction [14, 15] . We determined PVA as the area bounded by the E max line, end-diastolic P-V curve, and each systolic P-V trajectory (Fig. 1A) [14, 15] . PVA has been proved to have a consistent linear correlation with VO 2 , and the VO 2 -PVA relation usually shifts with E max (Fig. 1B, C ) [14, 15] .
Postextrasystolic potentiation. We combined these E max -PVA-VO 2 data with the internal Ca 2ϩ recirculation fraction (RF) (Fig. 2) . To obtain RF, we used postextrasystolic potentiation (PESP) following a spontaneous extrasystole that occurred sporadically in all of the runs and hearts (24) as usual (Fig. 3) [16] [17] [18] [19] [20] [21] . The servo pump kept LV volume constant during each PESP. We retrieved all of the PESPs and obtained E max values of the regular beat and 1st-6th postextrasystolic beats (PES1-6) in each PESP [16] [17] [18] [19] [20] [21] . These E max values were normalized relative to that of the regular beat.
Curve fitting. Table 1 lists the equations that we developed and used [16, 21] . We first fitted Eq. 1 to the normalized E max (nE max ) values in each transient alternans PESP and obtained best-fit beat constants e and s (in number of beats) of the first and second exponential terms (Pattern A), respectively. The details of this calculation have been explained previously [16, 21] . When the PESP appeared to decay in pure oscillation without any monotonic decay component (Pattern B), we determined s only by fitting Eq. 1Ј to the PESP decay. To the monotonically decaying PESPs (Pattern C), we determined e only by fitting Eq. 1Љ to the PESP decay. We performed least-squares fitting with DeltaGraph 4.0 (Delta Point, USA). The coefficient of determination (r 2 ) served as a goodness of fit. Beat constants e and s have the following physiological significance (Fig. 2 ) [16] [17] [18] [19] [20] [21] . e indicates the number of beats for the monoexponential component (Eq. 1Љ) of the alternans PESP to decay to 1/e (eϭnat-ural numberϭ2.71828, and hence 1/eϭ0.36788). s indicates the number of beats for the exponential term within the oscillatory component (Eq. 1Ј) of the alternans PESP to decay to 1/e. e seems to reflect the ratio of Ca 2ϩ handling via the SR to that via the sarcolemma [16] . s seems to reflect Ca 2ϩ handling via the SR alone [16] .
Recirculation fraction. We calculated RF from e using Eq. 2 [16, 21] , which other investigators developed and used [22] [23] [24] [25] 2 consists of two components: PVAdependent and PVA-independent components. The latter is equal to the VO 2 intercept (␤), which is the sum of VO 2 for Ca 2ϩ handling in excitation-contraction coupling and basal metabolism VO 2 . VO 2 intercept corresponds to VO 2 of mechanically unloaded contraction with zero PVA. Squares on the VO 2 -PVA relation represent VO 2 -PVA data points at a given preload. Three standard VO 2 -PVA relations at different E max levels are parallel to each other, indicating the same O 2 cost of PVA. VO 2 at any square consists of two components: (1) PVA-dependent VO 2 corresponding to the PVA of the contraction and (2) PVA-independent VO 2 at the y intercept (circle, ␤) in the corresponding E max . Slope (␥) of the relation between PVA-independent VO 2 (␤) and E max in the inotropism run is the O 2 cost of E max . y intercept (␦) of this relation indicates the PVA-independent VO 2 extrapolated to zero E max , namely, basal metabolic VO 2 . BDM treatment shifted the working ␤-E max point on the solid ␤-E max line without increasing ␥ from the control, in contrast to the ryanodine (RYA) treatment and postischemic stunning that increased ␥. The ␤-E max line obtained under Ca 2ϩ inotropism tilts up from the solid to the hatched diagonal line as the O 2 cost of E max increases in the failing hearts. BDM would yield the same result if it primarily suppressed total Ca 2ϩ handling. In such a case, the working ␤-E max point under gradually increasing BDM would move from the solid to the hatched diagonal line, drawing the horizontal transitional ␤-E max line labeled RYA. The slope of this transitional line does not represent the O 2 cost of E max obtained in the present study.
less economical when handling total Ca 2ϩ [16] [17] [18] [19] [20] [21] . Although the sarcolemmal Ca 2ϩ pump ATPase contributes to some Ca 2ϩ extrusion, its stoichiometry is nominally 1 Ca 2ϩ : 1 ATP [16, 21] . We neglected Ca 2ϩ influx in the reverse mode of the Na ϩ /Ca 2ϩ exchange [27] . We also neglected the Na ϩ /K ϩ pump ATPase for membrane repolarization because its energy is negligibly small in cardiac energetics [15, 16, 21] .
Futile Ca 2؉ cycling. troduced index (R) defined by Eq. 8 [16, 21] . R is the reactivity of E max to total Ca 2ϩ handling, or more briefly, Ca 2ϩ reactivity of E max or simply Ca 2ϩ reactivity [16, 21] .
R differs from the conventional Ca 2ϩ sensitivity and responsiveness which relate total troponin-bound Ca 2ϩ and contractile response, respectively, to sarcoplasmic free Ca 2ϩ concentration, but not to total Ca 2ϩ handling [16, 21] . Substituting R into Eq. 7 yields Eq. 9.
N-R relation. Equation 9 describes N as a linearly increasing function of R with Ca 2ϩ handling VO 2 , E max , and RF as parameters [16, 21] . When we use the O 2 cost of E max that we defined as Ca 2ϩ handling VO 2 /E max in Eq. 10 [15] , Eq. 11 describes the same N-R relation with O 2 cost of E max and RF as parameters. Rearranging Eq. 11 yields Eq. 12.
We obtained N-R relations for control and BDM by substituting the O 2 cost of E max and RF in Eq. 11 with their representative values experimentally obtained in the respective hearts. Any difference of the two N-R relations quantitatively characterizes the difference of total Ca 2ϩ handling [16] [17] [18] [19] [20] [21] . As soon as we determine or assume either N or R, we can obtain the other in the N-R relation. We then calculate total Ca 2ϩ handling (mol/kg) from total Ca 2ϩ handling VO 2 (ml O 2 / 100 g), RF, and N using Eq. 6.
Statistics. We used a t-test for comparison of pooled mechanoenergetics and RF data between the control and BDM-treated hearts ( : ATP stoichiometric factor 6 in Eqs. 4-6ϭP: O 2 (molecular) ratio from P: O (atomic) ratio of 3 in oxidative phosphorylation 12 in Eqs. 7, 9, and 12ϭproduct of these 2 and 6 22,400 (ml/mol)ϭgas constant 10 7 ϭconversion factor from mol/kg to mol/100 g Ca 2ϩ handling data between control and BDM-treated hearts because we only obtained their representative values. Figure 3 shows representative tracings of LV isovolumic pressure (LVP) and ECG at a constant LV volume during transient alternans PESP under BDM. This decay pattern resembled consistently observed transient alternans PESPs that we reported previously in detail [16] [17] [18] [19] [20] [21] . After a stable period of regular beats (R), an extrasystole (ES) of a ventricular origin occurred spontaneously and evoked PESP beats (PES1, 2, 3 and 4-). The extrasystolic beat interval (ESI) was slightly shorter than the regular beat interval (RI). The first PESP beat interval (PESI1) was longer than the RI by a compensatory pause, which was inescapable under constant-rate atrial pacing.
RESULTS
PES1 was potentiated, but PES2 was depressed below the regular beat level. PES3 was again potentiated. The pattern of these contractility changes during PES1-3 was transient alternans. We observed 399 similar transient alternan PESPs in the control and BDM of all 11 hearts (Table 2, row 3). The alternan PESP returned to the regular beat level by PES6. We also observed 80 monotonically decaying PESPs (Table 2 , row 3). These occurred when PESI1 had no compensatory pause as usual [16] [17] [18] [19] [20] [21] . Figure 4 shows the representative curve fittings to PESP for control and BDM in one heart. The thick solid curve shows good fitting by Eq. 1. These two cases belong to Pattern A. Both e and s decreased with BDM. All Pattern A cases yielded similar results. In Pattern B, the curve fitting with Eq. 1Ј was excellent. In Pattern C, the curve fitting was also excellent with Eq. 1Љ. In all patterns, r 2 was approximately 0.999. [4] . We used the same mechanoenergetic data for all patterns (A-C). Substituting the RF, E max , and its O 2 cost values into Eq. 11, we obtained the representative N-R lines drawn in Fig. 5 Patterns A-C correspond to Eqs. 1, 1Ј and 1Љ in Table 1 . Number of PESPs indicates those cases of the respective patterns to the curve fitting. As for a, b, e , s , and RF, see Table 1 . E max is the index of ventricular contractility. Its O 2 cost is the O 2 cost of E max . These two data were transcribed from our previous paper [4] . ** pϽ0.001, * pϽ0.01, and # pϽ0.05 between control and BDM by pooled t-test.
the confidence limits and statistical significance of the differences of the four representative N-R lines.
In the ontrol before BDM treatment, the expected N-R points are the R-axis (i.e., x-axis) intercept of the control N-R lines (thick and thin solid) in Fig. 5 . These working points (encircled by a shaded rectangle) have no futile Ca 2ϩ cycling (Nϭ0) and the R value is equal to the R-axis intercept (approximately 0.15). Working points away from this encircled area on the BDM N-R line as well as the control N-R line requires futile Ca 2ϩ cycling (NϾ0) and R values greater than 0.15. However, no data exists in literature [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] to suggest that BDM increases R (i.e., the reactivity of E max to total Ca 2ϩ handling). Therefore, a reasonable working point under BDM cannot exist on the BDM (dashed) N-R lines except where the R-axis intercepts within the same shaded rectangle in Fig. 5 . This consideration suggests the most likely working point in the BDM-treated heart to be the same as in the control, both being within the same shaded rectangle in Fig. 5 .
Even if one searches for a different working point with a smaller R than the R-axis intercept, such an N-R point does not exist on the BDM N-R line in Fig. 5 . For R to decrease from the normal R within the shaded rectangle, N must be negative. A negative N seems totally unrealistic because it means that Ca 2ϩ handling is less than one cycle. No shift of the N-R line with BDM ( Fig. 5 ) evidently negates such a possibility. Therefore, the R-axis intercept within the shaded rectangle is still the most probable N-R point under BDM. As for the hypothetical (hatched) N-R line, see DISCUSSION. 
DISCUSSION
The present study has shown that intracoronary treatment with BDM Ͻ5 mmol/l decreased total Ca 2ϩ handling but not Ca 2ϩ reactivity of E max in the canine blood-perfused heart. Therefore, our recently developed integrative method for analysis of total Ca 2ϩ handling showed explicitly that the primary suppression of total Ca 2ϩ handling is the negative inotropic mechanism of the relatively low concentration of BDM.
If BDM had primarily suppressed crossbridge cycling rather than suppressing Ca 2ϩ handling, it should have shifted the Ca 2ϩ handling VO 2 -E max line and increased the O 2 cost of E max (Fig. 1D) ; hence, shifting the N-R line to the left and making it steeper, as exem- BDM (B) . Solid circles, normalized contractilities of PES1-6; thick solid curve, best-fit Eq. 1 (see Table 1 ); thin solid curve next to thick one, exponentially decaying sinusoidal or oscillatory component of best-fit Eq. 1; thick exponential curve, monoexponential component of best-fit Eq. 1, thin exponential curve, exponential term multiplying the sinusoidal component. As for inset variables, see text and Table 2 . plified by the hatched line in Fig. 5 . We obtained this speculated N-R line from the theoretical N-R relations shown in Fig. 6 . These theoretical lines were obtained using Eq. 11. Figure 6 indicates that a decreased R intercept requires either a greater O 2 cost of E max (as illustrated by the hatched leftward-shifted ␤-E max line in Fig. 1D ), a larger RF or both together. However, our results negated such a possibility, as shown in Table 2 . Thus, the present study rather indicates that BDM primarily suppressed total Ca 2ϩ handling, as seen in Table 2 .
We are able to negate the possibility that our method was not sensitive enough to detect a shift of the N-R relation. This method has already elucidated a significant leftward shift of the N-R relation with either ryanodine or stunning in the canine heart [16, 21] . Therefore, if BDM had primarily suppressed crossbridge force development and then shifted the N-R relation, it should have been explicit in the N-R diagram.
BDM of 2.6Ϯ2.1 mmol/l depressed E max by about 40% in this study. This negative inotropism is comparable to those observed under BDM Ͻ5 mmol/l in cat and rabbit ventricular muscles [2, 6] [2, 3] . If so, our present results do not necessarily contradict previous findings [2, 3] .
No significant change in T max with BDM supports that our BDM of 2.6Ϯ2.1 mmol/l was reasonably low in the canine heart [4] . BDM above 10 mmol/l significantly reduced the time to peak force in ferret papillary muscles [7] . Therefore, the BDM concentration that we used did not seem to have caused the discrepancy of the present results from other investigators' studies [1] [2] [3] . Species differences may have caused the discrepancy, but this is beyond the scope of the present study.
Although s does not directly relate to the RF, and hence the present results, this is the first study to indicate a significantly decreased s with inotropic intervention [16] [17] [18] [19] [20] [21] . In our Ca 2ϩ handling model (Fig. 2) , s relates to Ca 2ϩ handling within the SR [16] . The decreased s might reflect a facilitated Ca 2ϩ availability from the SR. This suggestion is intriguing, but it was beyond the present scope. More interest in s is warranted for better understanding of the SR.
In summary, we analyzed the mechanoenergetic effects of BDM by a new integrative analysis method of total Ca 2ϩ handling using the E max -PVA-VO 2 framework in the left ventricle of the canine blood-perfused heart. Our results support that BDM Ͻ5 mmol/l primarily suppresses total Ca 2ϩ handling, but not crossbridge cycling, in this type of heart preparation. Table 1 . However, for R intercept to decrease as expected if BDM primarily suppresses crossbridge force development, either RF or O 2 cost of E max or both should increase, which is inconsistent with the data in Table 1 . The dashed lines below the R axis are imaginary extrapolation of the real N-R segments (solid and hatched).
